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Cathepsin D (CatD) is a lysosomal aspartyl endopeptidase originally considered a “house keeping enzyme” involved in the
clearance of unwanted proteins. However, recent studies have revealed CatD’s involvement in apoptosis and autophagy,
thus signifying an important function in the proper development and maintenance of multi-cellular organs.

In the mammary gland, matrix degradation and the remodeling process are orchestrated by proteolytic enzymes,
but the role of CatD at distinct developmental stages has remained mostly unexplored. Based on our previous studies
we sought to address the role of this endopeptidase in mammary gland development and remodeling. By employing
a mouse model, we report a previously unidentified participation of CatD in different stages of mammary gland de-
velopment. Our findings reveal that CatD undergoes distinct protein processing at different stages of mammary gland
development, and this customized processing results in differential enzymatic activity (constitutive and low pH activat-
able) best fitting particular stage(s) of development. In addition, at the onset of involution the N-glycan structure of this
endopeptidase switches from a mixed high mannose and hybrid structure to an almost exclusively high mannose type,
but reverts back to the original N-glycan composition by day 4 of involution. Our findings illuminate (at least in part) the
“raison d'étre” for CatD’s numerous and highly regulated proteolytic processing steps from the pro-form to the mature
enzyme. In the mammary gland, specific cleavage product(s) perform specialized function(s) befitting each stage of
remodeling.

It is noteworthy that deregulated synthesis, secretion and glycosylation of CatD are hallmarks of cancer progres-
sion. Thus, identifying the role of CatD in a dynamic normal tissue undergoing highly regulated cycles of remodeling
could provide valuable information illuminating the deregulation of CatD associated with cancer development and

metastasis.

Introduction

The dynamic structure of mammary tissue undergoes frequent
and highly regulated cycles of remodeling during a female’s life.
During puberty, proliferation and remodeling at the terminal
end bud drives the morphogenesis of the epithelial duct system.
Ductal extension is supported by proliferation and sculpting
the hollow tube of the subtending duct, accomplished in part
through apoptosis.! Pregnancy causes a radical expansion and
reorganization of the epithelial alveolar compartment to prepare
the mammary gland for lactation.? Parturition, which is associ-
ated with a drop in serum progesterone levels, activates the onset
of milk secretion.’® In the absence of suckling, milk accumulates
in the alveolar lumens, thus triggering a decline in systemic lac-
togenic hormones® and heralds the necessity for involution. The
involution process occurs in two distinct stages: In the first stage
(reversible), alveolar cells undergo programmed cell death, but
there is no remodeling of the lobuloalveolar structure. In the sec-
ond stage (non-reversible), the coordinated action of proteinases
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degrades basement membrane and extracellular matrix (ECM)
and disrupts the lobuloalveolar structure® to return the gland
to a state comparable to virgin stage.” The gene expression and
proteomics profile associated with each stage of development
and remodeling have been extensively studied and facilitated by
defining changes at the transcriptional and translational levels.
Cathepsin D (CatD) is an aspartyl endopeptidase expressed
in all living cells with the exception of red blood cells. It is syn-
thesized as a pre-pro-enzyme in the endoplasmic reticulum,?® gly-
cosylated, and then transported to the Golgi and ultimately to
the endosomal/lysosomal compartment. This endopeptidase is
subjected to successive and highly regulated proteolytic cleavages
to form the mature active 32 and 14 kDa chains in the acidic
pH of the lysosomes.”™® CatD is also secreted as a pro-enzyme
and can be activated by auto-activation, cleavage by other pro-
teases or upon exposure to an acidic environment. Although
CatD’s original function was believed to be mostly the intercel-
lular clearance of proteins, recent studies have indicated CatD’s
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involvement in apoptosis'>'? and autophagy,®" thus signifying
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its important role in the proper development and maintenance
of muldi-cellular organs. However, the underlying molecular
role of CatD in mammary gland development and the remodel-
ing process has not been addressed previously. We hypothesized
that in the mammary gland CatD expression is temporally and
spatially regulated and its function at distinct stages of remodel-
ing is controlled by precise post-translational protein processing.
To test our hypothesis we utilized the mouse mammary gland
at different developmental stages and examined the protein pro-
file, enzymatic activity and oligosaccharide composition of this
multi-faceted endopeptidase. This approach has illuminated
a previously unidentified involvement of CatD at each stage of
mammary gland development and remodeling. In addition, the
findings reveal that a precisely regulated differential processing,
glycosylation and activity of CatD are tailored for each stage of
mammary gland remodeling, thus providing new insights into
a well known aspartyl endopeptidase—with significant implica-
tions for cancer development and metastasis.

Results
To address the role of CatD in mammary gland development and
remodeling we utilized a mouse model and extracted mammary

glands from virgin, pregnant, lactating and post-lactating (invo-
luting) animals. Initially, we examined the protein expression
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Figure 1. Immunohistochemical analysis of formalin fixed paraffin
embedded mammary tissue from different stages of development.
Goat antibodies to CatD and WAP were utilized in this approach. Due
to differences in the level(s) of immunoreactive CatD at different stages
of mammary gland development, CatD antibody was used at two
different concentrations: 1:50 for stages of virgin, pregnant, lactation
and involution day 15 and 1:200 for involution days 1-4. (This approach
reduced the intensity of staining and increased clarity). For negative
controls goat IgG was used, shown as insets in WAP micrographs in
Suppl. Figure 2. Arrowheads indicate apoptotic cells and arrows point
to honeycomb structures, some containing cellular material. Original
magnification, x63.

profile of CatD by immunohistochemical analysis of formalin
fixed tissue. This approach indicated that CatD is expressed
by mammary epithelial cells at all stages of remodeling and its
level increases with the development of the glands from virgin
to secretory glandular structures (Fig. 1). In the latter, CatD
is mostly at the apical surface of the polarized epithelia and is
abundantly detected in the milk at early lactation but decreases
as lactation progresses. At the onset of involution, and despite
the abundant presence of milk in the lumen, the CatD immu-
nostaining is mostly restricted to the glandular structures and
minimally detected in the milk filled lumen (Fig. 1 and Suppl.
Fig. 1). Interestingly, at involution day 2 the CatD levels in the
milk increases and the staining profile of the glandular epithe-
lial layer resembles a honeycomb pattern (some hollow and some
with densely stained cellular material) with intense focal staining
around the “combs” (Fig. 1 and arrows). With advancing involu-
tion the honeycomb structures are more frequent and the matrix
is visibly remodeled (Fig. 1 and Suppl. Fig. 1). It is important to
note that maximal CatD immunoreactivity is detected at involu-
tion days 2—4, and by day 15 the epithelial structure resembles
that of virgin stage.

As an indicator of functional secretory alveoli, expression of
milk protein WAP was investigated which indicated its exclusive
apical association and maximal level at involution days 1 and 2
(Suppl. Fig. 2). By involution day 7, WAP immunostaining was
only observed in the ductal secretion.

The involvement of CatD in mammary gland remodeling was
further examined using an in vitro model of acini formation in the
3-D organotypic culture. In this model, the acini possess a spheri-
cal architecture similar to that observed in vivo.® At early stages of
growth, considerable CatD immunoreactivity is associated with the
matrix juxtaposed to the developing acini (Fig. 2A). As the acini
mature CatD immunoreactivity can also be detected in the hollow-
ing inner structure forming the lumen (Fig. 2B).

CatD is synthesized as a pre-pro-enzyme and undergoes sev-
eral highly regulated proteolytic cleavages to yield the mature
active enzyme. By employing western blot analysis of the post-
nuclear cytosolic fractions of the mammary gland we noted
that CatD protein processing from the pro-form to ultimately
the mature form(s) varies at all stages. The pro- (=47 kDa), the
intermediary- (~43 kDa), the active single chain (~41 kDa) and
the mature form (~32 kDa) are detected at comparable propor-
tions in virgin, pregnant and early lactating glands, with maxi-
mal CatD expression observed at early lactation and decreasing
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Figure 2. CatD expression in the developing acinus. MCF-10A cells were grown on 3-D basement membrane cultures to form hollowed spheres
resembling mammary lobular structures. Acini at different maturation points (4 and 7 days in culture, A and B, respectively) were fixed for immuno-
fluorescence analysis. CatD immunostaining is depicted in red and indicated by arrows; Maspin (an epithelial marker protein) is in green and nuclei
are stained with DAPI (blue). The presence of CatD on the surface of acini is determined by Z stacking of the confocal image in (A). The specificity of
antibodies is examined using no primary and depicted in (C). Original magnification, x63.

thereafter (Fig. 3A). The onset of involution prompts a rise in
CatD with a prominent presence of the ~47 kDa form which
now bears a slightly higher molecular mass (Fig. 3A). This
elevated mass persists through involution day 3 but is back to
normal by day 4 involution. By day 2 involution apart from the
considerable increase in CatD level, the cleavage to the active 32
kDa single chain resumes and elevates exponentially by day 4
involution. The 47 kDa pro-form could no longer be detected at
day 4 involution. By day 15 involution, the CatD protein profile
almost resembled that associated with the virgin stage. Analysis
of the milk samples from involution days 1 and 2 indicated a very
limited presence of the 41 kDa band in the milk samples and
generally a much lower level of CatD in the involution day 1 milk
compared to that of day 2 (Fig. 3B), thus further supporting our
immunohistochemical observation (Fig. 1).

Based on the observed differential protein processing, we
sought to examine the possible differences in CatD enzymatic
activity (total activity, constitutively active and low pH activatable
CatD) in these stages of development. We observed that virgin,
pregnant and early lactating glands exhibited high levels of total

www.landesbioscience.com

Cancer Biology & Therapy

CatD activity with comparable intensity (Fig. 4A). By lactation
days 7 and 15, total CatD activity had dropped by ~20 and 80%,
respectively, when compared to lactation day 1. CatD total activ-
ity at day 1 and to some extent day 2 involution was comparable
to that of lactation day 15 but rose dramatically by day 3 and 4
involution. Particularly noteworthy is the level of mature 32 kDa
(and 14 kDa) form(s) reflecting constitutive activity in involution
days 3, 4, 15, virgin and pregnant stages. The low pH activatable
CatD levels differed greatly at all stages: Early lactation presented
with the highest level of low pH activatable CatD (up to 80% of
total CatD), compared to ~43% and 64% in virgin and pregnant
glands, respectively (Fig. 4B and Table 1). However, progression
to late lactation was associated with a rapid decline in the activat-
able CatD (61% and 32% in lactation day 7 and 15, respectively),
which reached its lowest level at the onset of involution (9.3%).
Advancing involution was associated with a dramatic increase in
the constitutively active form (Fig. 4B and Table 1). The involu-
tion day 1 milk sample had minimal constitutively active CatD,
which increased slightly by day 2 involution (Fig. 4C).

459



A B &\\ . B
‘\\gé\é\*«\"’
o‘)ob‘o'bo’loo'\'\n_., N o &0 o‘\.q, 0
IS VAR SR
= .-
-«
43 —e B .. — - --. &
-—
32— o - EETE
-~ — — Stained Gel
66 _-"-_. o —— 1 3 s
N
Q
e o ---- WAP
Stained Gel . -:-. B-Casein
. -8 -
3
o = v 4. Stained Gel

Figure 3. CatD protein expression profile at different stages of mammary tissue development. For this analysis 30 ug total protein of the post-nuclear
cytosolic extracts (as described in the Materials and Methods) was subjected to SDS-PAGE (12.5% resolving gel) and western blot analysis using a
mouse specific antibody to CatD (A). Comparison of the CatD protein profile of milk from involution days 1 and 2 with its comparable tissue extracts is
depicted in (B). The molecular mass of CatD pro-form (~47 kDa) and its processed products (43, 41 and 32 kDa) are indicated in the figure. As markers
of functional secretory alveoli, the expression profile of milk proteins WAP and 3-casein are also depicted in (C). (Due to the high abundance of WAP
protein, the blots were exposed for a much shorter time frame compared to that of B-casein). All conditions in (C) were the same as in (A) except the
SDS-PAGE was performed on a gradient of 4-12.5%. For the loading control, the stained gel following the transfer is included for (A-C). Arrows indi-
cate the position of the pro- (~47 kDa) and active single chain (~41 kDa) CatD.

CatD is a glycosylated enzyme with two N-linked oligosac-
charides (N-glycans) on its asparagine (Asn) residues 70 and
199 (Suppl. Fig. 3). Thus, we sought to examine the possible
variability in the N-glycan structures associated with any spe-
cific developmental stage by employing two enzymes: PNGase
F (to cleave the Asn-GlcNAc bond and thus release all types of
N-glycan structures) and endo-H (to release the high mannose
but not complex structures). We observed that the 47 and 41
kDa bands exhibit comparable mixed N-glycan profiles at virgin,
pregnant and late involution (Fig. 5A-C). However, at involu-
tion day 1 the N-glycan structure(s) on the 47 and 41 kDa bands
were almost exclusively of the high mannose type; this profile
reverted back to the mixed structures by day 3 involution (Fig.
5A-C). To verify this intriguing finding we examined the expres-
sion profile of glycosyl transferase responsible for the formation
of hybrid and complex N-glycan structures MGAT 1 (mannosyl
[alpha-1,3-]-glycoprotein  beta-1,2-N-acetylglucosaminyltrans-
ferase I). As indicated in Figure 6A, this enzyme is expressed in
the mammary tissue and its mRNA level is at its lowest level by
the onset of involution. This was further corroborated by western
blot analysis of the cytosolic fractions which confirmed the mini-
mal presence of MGAT 1 protein at involution day 1 (Fig. 6B).

Discussion
The dramatic changes in growth, reorganization and function

of the mammary gland are prerequisite for milk production and
critical for nurturing offspring. These changes are complex and
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require precise temporal and spatial regulation of many proteins.
The significance of proteolytic enzymes at different stages of
mammary gland development has been extensively studied; how-
ever, CatD’s involvement in mammary gland development has
remained mostly unexplored.

By employing a mouse model we have established that CatD
expression is temporally and spatially regulated during mam-
mary gland development. In the virgin gland CatD expression is
mostly intracellular and associated with the lysosomes; however,
in the fully differentiated polarized glandular epithelia CatD
is mostly associated with the apical surface and is abundantly
detected in the milk. This apical presence (and secretion in the
milk) is considerably reduced with progression from early to late
lactation, and by the onset of involution CatD almost resumes its
intracellular location. At involution day 2 CatD immunostaining
increases distinctly, and is maintained through days 3 and 4 of
involution. By day 4 the glands are clearly regressing with appar-
ent extracellular matrix remodeling, and this continues to day 15,
to recapitulate epithelial structure of virgin stage.

The involvement of CatD in mammary gland remodeling was
further supported by our in vitro approach (acini formation by
MCEF-10A in a 3-D organotypic culture). In the eatly stages of
morphogenesis CatD immunoreactivity is detected basolater-
ally and associated with the matrix juxtaposed to the developing
acini. As the acini reaches critical mass and luminal cell death
occurs by apoptosis, CatD becomes abundant within the hol-
lowing spheres. Indeed, other matrix-degrading enzymes such as
MMP-2, MMP-3% and uPA?" are believed to play a critical role
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Figure 4. CatD enzymatic activity of the post-nuclear cytosolic extracts of the mammary gland is depicted in (A). Protein samples were assayed for
either constitutive or total CatD activity as described in the Materials and Methods section. Low pH activatable CatD is constitutive activity subtracted
from total activity. Each sample was analyzed in triplicates and the mean values plus standard error of the mean are presented in the graph. (B) De-
picts the activatable CatD as % of total. Comparison of total and constitutive CatD activity between tissue and secreted milk at involution days 1 and 2

in the remodeling of mouse mammary tissue during involution
as well.

Apart from the temporal and spatial expression profile of
CatD, our studies also indicate several novel aspects of this
endopeptidase at distinct developmental stages. Evidence for dif-
ferential processing which leads to the preferential presence of
specific cleavage products of CatD are observed in lactation and
specifically involution stages. Notably, the pro-form (~47 kDa)
with slightly higher molecular mass is detected at involution
day 1, increases significantly at involution days 2 and 3 but is
no longer detectable by day 4, while the active single chain (~41
kDa) CatD is at its highest at involution days 2—4. The involve-
ment of the single chain active CatD in the apoptotic process has
been reported previously,”?® and it is likely that the abundant
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presence of this form in early involution triggers the apoptotic
cascade (which is also verified by our immunohistochemical
approach) in the gland. In the second stage of involution (days 3
and 4) the mature active forms (32 and 14 kDa CatD) become
quite prominent and most likely participate in the degradation of
cellular debris and the matrix remodeling process.

Our approach also demonstrates that the distinct changes
in protein processing might be critical in customizing CatD
enzymatic activity (both constitutive and low pH activatable).
Although total CatD activity was comparable in virgin, pregnant
and lactating glands, the low pH activatable CatD increased expo-
nentially and was maximal at early lactation. Our finding of the
significant response of CatD to low pH at early lactation signifies
its important physiological function for an infant’s survival during
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Table 1. Changes in activatable CatD (% total) at different stages
of mammary gland development

Developmental stage Activatable CatD (% total)

Virgin 439
Pregnant 64.8
Lactation day 1 71.0
Lactation day 3 80.0
Lactation day 7 61.0
Lactation day 15 30.0
Involution day 1 9.3
Involution day 2 22.0
Involution day 3 40.0
Involution day 4 35.0
Involution day 15 23.0

early stages of life.*>” The low pH of the infant’s stomach converts

the milk’s pro-CatD to the active form to assist in digestion of milk
proteins, a premise which is supported by our data that in mid to
late lactation the activatable CatD levels drop considerably.

The drop in low pH activatable CatD reaches its maximal level
at the onset of involution, and it is important to note that this is
not solely due to diminished CatD protein, as both the 47 and 41
kDa CatD components are still detected at considerable levels at
involution day 1 and predominantly day 2. Low pH also fails to
alter the enzyme activity, which is evident in the corresponding
milk samples. A recent study®® has indicated that involution is
associated with nitration of CatD on a tyrosine residue. Although
we did not address CatD tyrosine nitration, the slight increase in
the apparent molecular mass of the 47 kDa band observed in our
model (Fig. 3) might reflect nitrated derivatives. In addition, as
involution primes the return of the gland to a virgin comparable
stage and in anticipation of further pregnancies, delineating the
mechanism(s) (i.e., protein nitratase, redox regulation) involved
in the de-nitration of tyrosine residues in the mouse mammary
gland would be important to pursue.

CatD contains N-linked oligosaccharides (N-glycans) on its
asparagin (Asn) residues 70 and 199. In humans these oligosac-
charides comprise eight variable high mannose type structures;
five are on Asn-70 and the remaining three are on Asn-199.2%
The Asn-70 glycans are high mannose structures [3—7 mannose
residues attached to the Asn-GlcNAc-GIcNAc core, with one
containing a terminal GlcNAc residue (hybrid structure)]. The
three oligosaccharides on Asn-199 contain five mannose resi-
dues; one has a fucose residue, and the other contains GlcNAc
and galactose residues.” Our studies also indicate that the 47 and
41 kDa bands exhibit comparable mixed N-glycan profiles at
virgin, pregnant and late involution (day 15) stages. However,
at involution day 1 the N-glycan structure(s) on the 47 and 41
kDa bands were almost exclusively of the high mannose type;
this profile somewhat reverted back to the mixed structures by
day 2-3 involution. The change in N-glycan structure results
from a significant decline in the mRNA and protein expression
of MGATT, the enzyme which initiates conversion of high-man-
nose core N-glycans into hybrid and/or complex oligosaccharide
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structures.®’ The significance of N-glycan structures in develop-
ment is just emerging and studies have indicated morphologi-
cal and developmental abnormalities with defects in N-glycan
processing from the high mannose type to hybrid or complex
structures.**? In addition, cell type specific function for com-
plex N-glycans has also been documented which signifies their
requirement in forming morphologically recognizable bron-
chia.** To our knowledge differential glycosylation of CatD at
distinct developmental stages of mammary gland formation has
not been reported previously. Whether differential glycosylation
of CatD is a determinant of its involvement in apoptosis or is a
signal for initiation of involution, remains to be elucidated and is
under further investigation in our laboratory.

Collectively, our approach has highlighted a previously
unidentified involvement of the multi-faceted endopeptidase
CatD in all stages of mammary gland remodeling, and signifies
how differential processing of an enzyme (on the protein back-
bone and oligosaccharide structures) could be the key regulator
of its function(s). In addition, secreted CatD in the milk may
have a physiological significance for infant survival at early lacta-
tion. More importantly, our novel findings indicate for the first
time that CatD enzymatic activity is specifically customized for
each stage of mammary gland remodeling. It is remarkable that
this long discovered lysosomal enzyme continues to proclaim
other hidden properties of unique functional relevance. Of sig-
nificance, deregulated synthesis, secretion and glycosylation of
CatD, along with its mitogenic effects are hallmarks of cancer.
Thus, the findings reported in this manuscript could potentially
assist in deciphering the deregulation of CatD associated with
cancer development and metastasis.

Materials and Methods

Antibodies. The following antibodies were utilized for both
western blot and immunohistochemical analysis: Goat polyclonal
antibody to whey acidic protein (WAP), B-casein and MGAT 1
were from Santa Cruz Biotechnology, Inc.; monoclonal antibod-
ies to Maspin and CatD were from BD Bioscience, and goat poly-
clonal antibody to mouse CatD and the HRP-labeled secondary
antibody to goat were from R&D System. Alexa Fluor labeled
secondary antibodies were from Molecular Probe.

Cell culture. MCF-10A cells, normal, spontaneously immor-
talized human mammary epithelial cell line, was maintained in
Ham F-12 and DMEM (1:1) growth medium supplemented with
5% horse serum (Invitrogen), epidermal growth factor (20 ng/
ml, Peprotech), hydrocortisone (500 ng/ml, Sigma), insulin (10
ug/ml, Sigma) and cholera toxin (100 ng/ml, Sigma).

3-Dimentional (3-D) basement membrane cultures. These
cultures were established as described by Debnath et al.'® Briefly,
40 ul of growth factor reduced Matrigel (BD Bioscience) was
applied to 8-well glass chamber slides and allowed to solidify
at 37°C. MCEF-10A cells were harvested, counted and adjusted
to 25,000 cells/ml of assay media (same as growth media but
with only 2% horse serum). This was further diluted at a 1:1
ratio with a solution of 4% growth factor reduced Matrigel in
assay medium to give a final concentration of 12,500 cells/ml in
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Figure 5. N-glycan cleavage profiles resulting from endo-H (A) and PNGase F (B) treatment of the post-nuclear cytosolic extracts of mammary gland
from different stages of development. Post-nuclear cytosolic fractions (20 ug for endo-H and 30 g for PGNase F) were digested with endo-H (0.15 mU)
or PNGase F (500 U), as described in the Materials and Methods. The digested material was resolved on a 12.5% SDS-PAGE and subjected to western
blot analysis for the detection of CatD reactive fragments. For comparison purposes cytosolic extracts of different involution days (1-4) are depicted
separately (C). Milk protein samples from involution days 1 and 2 (50 and 12 ug total protein, respectively) were similarly treated and analyzed (D).
Variable total protein in the milk samples was to compensate for the low abundance of CatD in involution day 1 compared to day 2. Molecular weight
markers are indicated for each blot.
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Figure 6. Expression profile of MGAT 1 gene (A) and protein (B) at specific remodeling stages of mammary gland development. Gene expression was
analyzed by real-time PCR using primer probes for mouse MGAT 1, and the protein profile was examined using SDS-PAGE on a 4-20% acrylamide gel.
For the loading control, a picture of the stained gel following the transfer is included. The molecular weight markers are indicated for the blot and the

2% Matrigel in assay media. 400 pl (equal to 5,000 cells) was
overlaid on the Matrigel blocks and cultures were maintained
at 37°C, 5% CO,, and were fed every 4 days. Cultures were
fixed in 2% formaldehyde (pH 7.4) and permeabilized, blocked
and treated with antibodies to CatD and Maspin at 1:250 and
1:200 dilution in blocking buffer. After several washes the anti-
body-antigen complex was detected using Alexa Fluor labeled
secondary antibodies at 1:200 (Molecular Probe). Nuclei were
counterstained with 4'-6'-diamidino-2-phenylindole dihydro-
chloride (DAPI). Slides were mounted using Gelvatol anti-fade
and viewed by confocal microscopy using the Zeiss LSM-510
META confocal laser scanning microscope.

Animals. Female C57BL mice (Harlan, Indianapolis, IN)
were used at the following stages of development: Virgin (6-8
weeks old, V), pregnant (19 days of pregnancy, P19), lactating
(1, 3, 7 and 15 days of lactation, LD), post-lactation/involution
(1-4, 7 and 15 days after the removal of pups on day 15" of lac-
tation, IND). The animals were euthanized with ketamine and
xylazine (80 mg/kg + 10 mg/kg, ip) and sacrificed by cervical
dislocation under deep anesthesia. Pectoral and inguinal groups
of mammary glands were removed, and immediately frozen in
liquid nitrogen for later use or were fixed in 10% neutral buffered
formalin, processed in a tissue processor and embedded in paraf-
fin for immunohistochemical analysis. Six sets of mice at each
stage of development were employed in these studies.

All the animal protocols were reviewed and approved by
Institutional Animal Care and Use Committee of Children’s
Memorial Research Center and Northwestern University
Feinberg School of Medicine, which is AALAC accredited.

Milk collection. Collection of milk samples was achievable
only from involution days 1 and 2; they were centrifuged, the
lipid layer was removed, and the remaining supernatant was used
for western blot and enzyme activity assays.

Tissue preparation and western blot analysis. The mam-
mary tissues (inguinal glands 5-6) were removed, chilled in
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liquid nitrogen and were either used immediately or kept frozen
at -80 degrees for later use. The frozen tissue was pulverized
in pre-chilled mortar and pestle and homogenized in buffer
A (10 mM HEPES buffer pH 7.9 containing 10 mM NaCl,
1 mM DTT, 10% glycerol, 15 mM MgCl,, 0.2 mM EDTA,
0.1% NP40, protease inhibitor cocktail). The homogenate was
subjected to 3 freeze-thaw cycles, passed several times through
a 28-gauge needle and centrifuged (4,500x g, 10 min) to yield
a post-nuclear cytosolic fraction which was used for general
screening. The protein content of the fraction was determined
using BCA reagent, and 20 pg total protein was subjected to
SDS-PAGE analysis under reduced conditions. The proteins
were then transblotted to PDF membrane, blocked with 5%
dried milk in 0.1 M Tris, 0.2 M NaCl buffer (pH 7.4) con-
taining 0.1% Tween 20 (TSBT) and probed with respective
antibodies. Antigen-antibody complexes were visualized by
employing peroxidase labeled secondary antibodies and ECL
detection system (GE Health Care).

CatD activity assay. The assay was performed in 96-well
black ELISA plates as described previously."” Briefly, the post-
nuclear cytosolic fraction (20 pg total protein) was utilized to
assess the level of constitutively active (measured without activa-
tion at low pH) and activatable (after activation at pH 3.5, 30
min, 37°C) CatD at different stages of development. Activated
and non-activated protein samples were taken in reaction buf-
fer (0.1 M sodium acetate, 5 mM DDT, 1 mM EDTA, pH 5.5,
final volume of 100 pul) at room temperature and in the pres-
ence or absence of pepstatin (specific aspartyl protease inhibitor).
Each sample was assayed in triplicate and the protease activity of
CatD was measured by the addition (10 uM) of the fluorogenic
peptide substrate Mca-P-L-G-L-Dpa-A-R-NH, (R&D Systems,
Inc.,) using the fluorescence plate reader FluoStar Optima (BMG
Labteck GmbH, Durham, NC) with excitation and emission of
320 nm and 405 nm, respectively. Error bars indicate standard
deviation of the mean.
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Analysis of CatD oligosaccharides. To examine the pos-
sible alteration(s) in the N-glycan profile of CatD at different
stages of remodeling we employed two enzymes endo-B-N-
actelyglucosaminidase H (endo-H, recombinant protein from
Streptomyces Plicatus, expressed in E. Coli) from Prozyme® and
N-glycanase (PNGase F, purified from Flavobacterium menin-
gosepticum) from New England, Biolabs Inc. Post-nuclear cytoso-
lic fractions and milk samples from days 1 and 2 involution were
digested with endo-H (0.15 mU) or PNGase F (500 U) accord-
ing to established protocols. The digested material was subjected
to SDS-PAGE and western blot analysis and probed with anti-
mouse CatD.

Real-time PCR. Total RNA was
mammary tissue using Trizol RNA isolation reagent (Life

isolated from frozen

Technologies, Inc.,) according to manufacturer’s specifications.
Reverse transcription of the total RNA was performed in a
Robocycler gradient 96 thermocycler (Stratagene, La Jolla, CA)
using the Advantage PCR kit according to the manufacturer’s
instructions (Clontech, Palo Alto, CA). PCR was performed on
27500 Real Time PCR System (Applied Biosystems, Foster City,
CA) using TagMan® gene expression primer/probe sets (Mouse
MGAT1: Mm00487690_m1, Applied Biosystems). Briefly, 5 ul
cDNA, 1.25 pl 20X Assays-on-Demand Gene Expression Assay
Mix and 12.5 pl 2X TagMan® Universal PCR Master Mix in a
total of 25 ul were amplified with the following thermocycler pro-
tocol: 1 cycle at 50°C for 2 min; 1 cycle at 95°C for 10 min; and
33 cycles at 95°C for 15 seconds/60°C for 1 min. All data were
analyzed with the Sequence Detection Software (version 1.2.3,
Applied Biosystems). The expression of target gene was normal-
ized to an endogenous control gene (18S rRNA:Hs99999901_sl1
large ribosomal protein primer/probe set, Applied Biosystems).

Each sample was performed in triplicate and each experiment
was repeated three times.

Immunohistochemistry. Expression of proteins of interest was
examined by immunohistochemical analyses of the formalin fixed,
paraffin embedded mammary tissue. Sections (4 um) were depa-
raffinized, subjected to citrate buffer (pH 6.0) water bath antigen
retrieval and blocked (endogenous peroxidase, protein, Avidin
and Biotin [Avidin/Biotin blocking kit, Vector Laboratories,
Inc., Burlingame, CA]) prior to primary antibody treatment as
described previously.”® The staining was performed on a Microm
HMS 710i Automated Immunostainer (ThermoFisher Scientific/
Richard-Allan Scientific) with antibodies against CatD and WAP
at concentrations depicted in the figure legends. The secondary bio-
tinylated anti-goat was from Biocare Medical and used according
to the manufacture’s instruction, followed by treatment with strep-
tavidin peroxidase reagent (ThermoFisher Scientific/Lab Vision).
The color was developed using DAB* substrate (ThermoFisher
Scientific/Lab Vision); the slides were counterstained with Mayer’s
Hematoxylin (Dako), dehydrated in ethanol and xylene and cover-
slipped with permanent mounting medium.

Normal goat IgG (at similar concentrations to primary anti-
body) served as a negative control. Slides were viewed and the
area of interest recorded using a Leica DM 4000B microscope
attached to a Leica DFC 480 5.0 Mega pixel CCD camera.
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